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ABSTRACT The vector-borne flaviviruses cause severe disease in humans on every
inhabited continent on earth. Their transmission by arthropods, particularly mosqui-
toes, facilitates large emergence events such as witnessed with Zika virus (ZIKV) or
West Nile virus in the Americas. Every vector-borne flavivirus examined thus far that
causes disease in humans, from dengue virus to ZIKV, antagonizes the host type I
interferon (IFN-I) response by preventing JAK-STAT signaling, suggesting that sup-
pression of this pathway is an important determinant of infection. The most direct
and potent viral inhibitor of this pathway is the nonstructural protein NS5. However,
the mechanisms utilized by NS5 from different flaviviruses are often quite different,
sometimes despite close evolutionary relationships between viruses. The varied
mechanisms of NS5 as an IFN-I antagonist are also surprising given that the evolu-
tion of NS5 is restrained by the requirement to maintain function of two enzymatic
activities critical for virus replication, the methyltransferase and RNA-dependent RNA
polymerase. This review discusses the different strategies used by flavivirus NS5 to
evade the antiviral effects of IFN-I and how this information can be used to better
model disease and develop antiviral countermeasures.
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The cellular antiviral response invoked by type I interferon (IFN-�/� or IFN-I) repre-
sents a powerful barrier to virus infection. As shown by mouse models that are

deficient in the IFN-I receptor, the presence of an intact IFN-I response can be the
difference between a high level of resistance to disease following virus infection and
100% lethality. For example, wild-type mice are resistant to disease caused by Zika virus
(ZIKV), but mice deficient for all IFN-I responses due to a lack of the receptor are highly
susceptible and can succumb from lethal infection (1–6). The biological effects of IFN-I
are mediated through the upregulation of hundreds of genes, termed IFN-stimulated
genes or ISGs. Depending on the cell type responding to IFN-I, ISGs function directly
through interactions with viral gene products and replication intermediates to disrupt
key steps in the virus replication cycle (7–9). Alternatively, in the context of cells of the
immune system such as macrophages and dendritic cells (DCs), ISGs are involved in the
communication between cells to initiate adaptive responses and promote both viral
clearance and the establishment of immune memory (10–12). The power of IFN-I is
illustrated by the fact that viruses of vertebrates have evolved multiple diverse strat-
egies to antagonize this response, through the inhibition of IFN-I production, IFN-I
signaling, or the action of individual ISGs (13–15). The relative ability of a given virus to
antagonize the IFN-I response of specific host species is an important determination of
virus tropism and virus virulence (16–19). Therefore, understanding the mechanisms of
virus immune evasion associated with IFN-I signaling provides insight into how viruses
emerge into new species and how they cause disease. This information can be used in
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the design of therapeutics or vaccines, particularly if the latter is based on live-
attenuated virus vectors. The knowledge of how host species-specific responses are
antagonized by a certain virus can also be applied to develop better animal models
with increased sensitivity to infection for studies of virus pathogenesis or development
of antiviral countermeasures (20). Moreover, understanding the diverse strategies that
viruses have evolved in order to suppress IFN-I responses sometimes reveals novel
molecules and pathways involved in immunity and can therefore provide insight into
human health and disease.

The genus Flavivirus includes 53 currently recognized species (www.ictvonline.org)
of which 40 are known to cause disease in humans (21). Some of the more well-known
human pathogens from this group are dengue virus (DENV), yellow fever virus (YFV),
West Nile virus (WNV), Japanese encephalitis virus (JEV), tick-borne encephalitis virus
(TBEV), and ZIKV. The viral single-stranded RNA genome is of positive polarity and
comprises one large open reading frame flanked at both the 5= and 3= ends by short
noncoding sequences termed untranslated regions (UTR) (22). Following virus entry
into a cell, the viral RNA is rapidly translated. The resulting single polyprotein has a
complex membrane topology and is threaded through the endoplasmic reticulum (ER)
directed by multiple transmembrane domains (23). The polyprotein is then cleaved into
three structural proteins (capsid [C], envelope [E], and premembrane [M]) that are
required for formation of the virion and seven nonstructural proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5) that participate in the formation of specialized membrane
rearrangements of the ER and establishment of virus replication complexes (RC) (22). Of
particular note, two of the flavivirus nonstructural proteins have enzymatic activity. NS3
comprises the viral RNA helicase and ATPase and together with its cofactor NS2B forms
the viral protease. NS5 is the largest (at approximately 900 amino acids) and most
conserved of the flavivirus proteins and contains an N-terminal methyltransferase
(MTase) that methylates the viral RNA (24) and in so doing disguises the viral RNA as
self to prevent host recognition and promote translation (25, 26). The C-terminal
two-thirds of NS5 comprises the RNA-dependent RNA polymerase (RdRp) responsible
for replication of the viral RNA. NS5 is also the most potent and direct antagonist of
IFN-I-dependent JAK-STAT signaling encoded by all of the flaviviruses examined thus
far (27). However, despite the evolutionary constraints of NS5 structure and function in
maintaining MTase and RdRp enzymatic activities, different flaviviruses have evolved to
superimpose IFN antagonist functions on NS5 in different ways (Table 1). The different
functions of NS5 in IFN antagonism are discussed below.

INTERFERON RESPONSE TO FLAVIVIRUS INFECTION AND VIRAL ANTAGONISM

Flavivirus infection and replication of viral RNA are initially sensed by the cytosolic
host pattern recognition receptor (PRR) known as retinoic acid inducible gene I (RIG-I),

TABLE 1 Functions of flavivirus NS5 in antagonism of IFN-I-dependent JAK-STAT signaling

Virus
Target in IFN-I JAK-STAT
signaling cascade

Host protein coopted
for antagonism Mechanism of antagonism Additional feature(s) Reference(s)

DENV STAT2 UBR4 Proteasomal degradation of
STAT2

Uses N-end rule degradation; species
restricted to primates

53, 54, 57,
58

ZIKV STAT2 Unknown Proteasomal degradation of
STAT2

Species restricted to primates 63, 64

SPOV Unknown Unknown Suppression of ISG translation 63
YFV STAT2 TRIM23 Suppression of ISG translation Requires IFN-I stimulation for both

NS5 function and recognition of
ISGF3

67

WNV IFNAR1 Prolidase Suppression of IFNAR maturation
and cell surface expression

Not highly host species restricted 27, 83

JEV Inhibits at or upstream
of JAK activation

Unknown May involve protein tyrosine
phosphatases

81, 85, 86

TBEV IFNAR1 Prolidase Suppression of IFNAR maturation
and cell surface expression

Not highly host species restricted 27, 83

LGTV IFNAR1 Prolidase Suppression of IFNAR maturation
and cell surface expression

Not highly host species restricted 27, 46, 72,
74, 84
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resulting in the activation of transcription factors IRF3, AP-1, and NF�B and production
of IFN-I (28). The RIG-I-like receptor (RLR) called melanoma differentiation-associated
protein 5 (Mda5) also recognizes flavivirus double-stranded RNA (dsRNA), and its
activation sustains the IFN-I response (29, 30). Toll-like receptors (TLRs) that recognize
virus RNA and may contribute to host IFN-I responses include the endosomal TLR3,
TLR7, and TLR8. However, the role of RLRs in IFN-I production following sensing of
flaviviruses is greater than that of TLRs and essential for host resistance (31). Once
secreted, IFN-I binds to two receptor subunits, IFNAR1 and IFNAR2, in an autocrine and
paracrine manner (32). Binding of IFN-I to its receptors activates the Janus kinases (JAK)
Tyk2 and JAK1, which are constitutively associated with the receptor intracellular
domains. Kinase activation occurs through both auto- and transphosphorylation. Acti-
vated JAKs then phosphorylate the IFNAR to create docking sites for signal transducer
and activator of transcription 2 (STAT2). STAT2 is then phosphorylated and recruits
STAT1 for phosphorylation and the formation of STAT1/STAT2 heterodimers (32, 33).
STAT1/STAT2 associate with a third component, IFN-regulatory factor 9 (IRF9), to form
the transcriptional activation complex known as IFN-stimulated gene factor 3 (ISGF3).
ISGF3 translocates to the nucleus, where it binds to IFN-stimulated response elements
(ISRE) in the promoter regions of ISGs to upregulate gene expression. These include a
number of ISGs with antiflavivirus activity (e.g., viperin, OAS1a, IFIT1, IFITM proteins,
TRIM proteins) as well as both positive and negative regulators of IFN-I signaling (7, 8,
25, 34, 35).

Flaviviruses have evolved a number of mechanisms to delay or impede the initial
recognition of viral RNA or prevent RLR signaling. Antagonistic strategies that multiple
flaviviruses appear to share include the potential to shield viral dsRNA replicative
intermediates by invaginations of the modified ER membranes (28, 36, 37), methylation
of the viral RNA at N7 and 2=O positions (38) to prevent recognition by the ISG called
IFN-induced protein with tetratricopeptide repeats 1 (IFIT1) and to promote RNA
translation (25, 26), and the production of a small subgenomic RNA derived from the
3=UTR termed small flavivirus RNA or sfRNA (39). The sfRNA from multiple flaviviruses
counters the IFN-I response (40) and at least in the case of DENV prevents the
production of IFN-I by suppressing activation of RIG-I (41). Additional strategies to
suppress IFN production that may be more divergent across flaviviruses exist and have
been reviewed elsewhere (42–45). However, all flaviviruses that cause disease in
humans examined thus far suppress the response of infected cells to secreted IFN-I. This
was first suggested by experiments showing that the addition of IFN-I before infection
suppressed replication but not when added as little as 4 h after infection (46–48). Early
studies examining this phenomenon showed that different flaviviruses suppress sig-
naling at different points in the JAK-STAT cascade. For example, DENV infection has
been associated with a loss of STAT2 (49) whereas infection with WNV resulted in a
failure of JAK activation (50). The strategies utilized by the different flaviviruses and the
specific roles for NS5 are discussed below (Fig. 1).

DENGUE VIRUS

The four serotypes of DENV (1 to 4) are responsible for an estimated 96 million
clinically recognized infections annually, of which 2 million are severe cases resulting in
20,000 deaths (51, 52). In the context of replicating virus, DENV has been shown to
suppress activation of IFN-I-stimulated JAK-STAT signaling at multiple levels in human
cells, including phosphorylation of Tyk2, STAT1, and STAT2 (48, 49). This can reflect
suppression of the upstream signaling molecules, such as the receptor or JAK kinases,
which then suppresses all downstream (STAT activation) events, or it may result from
the virus individually targeting multiple host proteins in the pathway. The demon-
strated role of DENV NS5 is to bind and deplete STAT2 via ubiquitin-dependent
proteasomal degradation (53, 54). In infected cells, or in cells expressing a DENV
replicon that expresses the nonstructural proteins only, STAT2 is degraded (53). Ectopic
expression of NS5 alone is sufficient to suppress IFN-I-stimulated gene expression in
gene reporter assays (53) or when examining mRNA upregulation of individual ISGs (54)
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at a level that is comparable to that of replicating virus. However, while expression of
NS5 as a single protein resulted in a block in STAT2 phosphorylation, it was not
sufficient to cause STAT2 degradation (53, 54). Loss of STAT2 is observed only if the N
terminus of NS5 is produced as the result of a cleavage event such as would occur in
the context of the DENV polyprotein (53). During virus replication, cleavage of NS5 to
separate it from NS4B is mediated by the viral protease NS2B/3. Expression of an
N-terminal cleavable NS5 resulted in STAT2 degradation when that construct was
cotransfected together with NS2B/3 (53). However, the cleavage event did not need to
be specific to the viral protease. Replacement of the flavivirus protease cleavage site
with ubiquitin that is cleaved by endogenous ubiquitin hydrolases after the final two
glycine residues resulted in a mature NS5 protein that degraded STAT2. Furthermore,
the identity of the N-terminal residue of NS5 was not important, and this residue could
be a Gly, as would be present during polyprotein cleavage, or a Met, as is engineered
when NS5 is expressed alone from a cDNA plasmid (53). This work showed that it was
the act of proteolytic cleavage at the NS5 N terminus that conferred additional
functionality on NS5 as an IFN-I antagonist. To date, this is the only example where
maturation of the N terminus of NS5 in the context of a polyprotein is required for full
function as an IFN-I antagonist, although a more general requirement for polyprotein
processing events in flavivirus replication may exist (55).

N-terminal cleavage of proteins followed by proteasomal degradation is a hallmark
of the N-end rule pathway of degradation (56). Consistent with this, the first 5 amino
acids of DENV NS5 bind to ubiquitin protein ligase E3 component N-recognin 4 (UBR4),
an E3 ubiquitin ligase of the N-recognin family (57). N-recognins target substrates that
contain a destabilizing N-terminal residue in the context of a structural conformation
that exposes the N terminus (56). Interestingly, DENV NS5 bound UBR4 irrespective of
whether the NS5 N terminus was generated through a cleavage event, although this
interaction was increased by proteolytic processing (57). The binding domain in DENV
NS5 for STAT2 is suggested as lying between residues 202 and 306 (53, 54, 57, 58) (Fig.
2). Thus, DENV NS5 utilizes its N terminus together with a central domain to act as a
bridge between STAT2 and UBR4. This role for NS5 may result in NS5 degradation along

FIG 1 Varied mechanisms of NS5-mediated antagonism of IFN-I-dependent signaling in flavivirus-infected cells. (A) The NS5 proteins
of DENV, ZIKV, and YFV all bind to STAT2. Binding of STAT2 by DENV or ZIKV NS5 results in STAT2 degradation, whereas YFV NS5
requires IFN-I stimulation to “activate” the antagonist functions of NS5 (depicted by a lightning bolt) resulting in loss of transcriptional
activity of ISGF3. Each of these three NS5 proteins utilizes a different E3 ubiquitin ligase in order to antagonize IFN-I signaling (TRIM23,
UBR4, or a yet-to-be-identified ligase). The NS5 proteins of TBEV, LGTV, and WNV suppress maturation of the IFN-I receptor subunit
IFNAR1 by binding to prolidase (PEPD). (B) Antagonism of JAK-STAT signaling by WNV in mosquitoes involves the host protein cullin
4 (CUL4) to degrade STAT via the proteasome.
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with STAT2 in what could be an act of self-sacrifice to eliminate IFN-I signaling.
However, the flavivirus NS5 protein is generated in excess of that required for virus
replication, suggesting that different populations of NS5 most likely carry out functions
in virus replication and IFN antagonism and that degradation of this population would
therefore not adversely impact NS5 replicative functions. Depending on the DENV
serotype, NS5 expression is often nuclear, although nuclear localization is not required
for STAT2 inhibition, suggesting a cytosolic location for STAT2 binding and degradation
(59). Importantly, the relevance of this mechanism to the virus has been demonstrated
by the observation that UBR4 enhanced the replication of DENV in an IFN-I-dependent
manner, as demonstrated by RNA interference (RNAi)-mediated depletion of UBR4 in
IFN-I-treated cells (57). Furthermore, UBR4 was also required for optimal infection of
human monocyte-derived DCs and viral suppression of ISG mRNA expression (57).

FIG 2 Structural features of flavivirus NS5 implicated in IFN-I antagonism. (A) Surface-exposed residues of the RdRp
domain of WNV (PDB ID 2HCN) are depicted in green, with amino acids important for function of NS5 from WNV,
LGTV, and TBEV shown in yellow. The S/F653 residue that determines relative IFN-I antagonism and efficiency of
IFNAR1 downregulation in WNV is shown in red. (B) Structure of DENV NS5 that has been rotated 90° in relation
to that shown in panel A. The surface-exposed residues of the MTase domain are depicted in blue. The N-terminal
10 amino acids that are important to the function of both DENV and YFV NS5 are shown in magenta. Putative
binding regions for human STAT2 on DENV NS5 are shown in light pink. The full-length structure is based on the
DENV-4 NS5 crystal structure (PDB ID 5DTO) (24) with images colorized using PyMol. (C) Phylogenetic tree of NS5
sequences discussed in the text. (D) Sequence alignment showing the N-terminal 10 amino acids and the two
noncontiguous regions involved in IFN-I antagonism by WNV, LGTV, and TBEV. Residues are color coded according
to similar chemistries. Individual amino acids of particular importance are indicated by the colored circles below
the alignment for YFV (yellow), WNV (blue), or LGTV and TBEV (orange).
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The role of DENV NS5 in IFN-I antagonism is a likely determinant of pathogenesis in
a host-specific manner. The historical emergence of DENV in human populations
occurred as a result of a number of spillover events from the enzootic transmission
cycles between nonhuman primates and mosquito species (51). The evolution of
dengue viruses in nonhuman primates may have influenced the ability of DENV to bind
and degrade human STAT2 and facilitated the emergence of DENV in humans. How-
ever, unlike some of the other flaviviruses, such as WNV and TBEV, DENV cannot
antagonize signaling in mice as NS5 cannot bind to mouse STAT2 (58). In contrast,
DENV NS5 binds UBR4 equally from human or mouse origin. Hence, the inability of NS5
to bind mouse STAT2 enables IFN-I-dependent responses to severely limit DENV
replication in mouse cells (58). This fact underlies one of the major limiting factors in
the development of mouse models of DENV for the study of virus pathogenesis and
antiviral countermeasures. Advances have been made using the Cre-lox system to
generate mice deficient in IFNAR only on DCs, which increases sensitivity to DENV and
recapitulates some aspects of human disease (60). However, the development of a
completely immunocompetent mouse model of DENV pathogenesis may be further
advanced through the replacement of mouse STAT2 with human STAT2 (20).

ZIKA VIRUS

The large-scale emergence of ZIKV in South America, first detected in 2015, is
associated with alarming facets of disease not previously attributed to flavivirus infec-
tions, including congenital disease associated with mother-to-fetus transmission and
virus replication in the fetal central nervous system (CNS), Guillain-Barré syndrome in
adults, and sexual transmission (61, 62). Like DENV, ZIKV originally emerged in human
populations as a result of spillover transmission from the mosquito-to-nonhuman primate
transmission cycle. Also similar to DENV, the replication of ZIKV results in proteasomal
degradation of STAT2 mediated by NS5 (63). The function of ZIKV NS5 in IFN-I
antagonism is also host species restricted, being functional in the context of human
and nonhuman primate STAT2 but not in that of mouse. However, the mechanism of
NS5-mediated STAT2 in ZIKV appears to differ from that in DENV. Expression of ZIKV
NS5 alone results in STAT2 degradation without the need for the maturation of the NS5
N terminus by a cleavage event, and UBR4 does not participate in the loss of STAT2 (63).
Furthermore, the first 10 amino acids of ZIKV NS5 are not critically required for
antagonism (64). Thus, although an additional, as yet unidentified, host E3 ubiquitin
ligase is most certainly utilized by ZIKV, the N-end rule pathway does not appear to be
involved. Additional work is needed to identify the E3 ubiquitin ligase utilized by ZIKV
NS5, but the species specificity of NS5 function suggests that development of trans-
genic mice that express human STAT2 would benefit ZIKV pathogenesis studies in
addition to DENV. This is of particular importance, since modeling of congenital ZIKV
infection in mice following transmission from the dam currently relies predomi-
nantly on the use of immunocompromised mice deficient for IFN-I signaling path-
ways (5, 6, 65).

The closest known relative of ZIKV is Spondweni virus (SPOV) (66). Similar to the
historic distribution of ZIKV, SPOV also circulates in Africa and Southeast Asia, where it
causes sporadic but seemingly inconsequential human infections. Interestingly, the NS5
protein of SPOV inhibits JAK-STAT signaling at a point downstream from STAT2 (63). In
cells expressing SPOV NS5, both STAT1 and STAT2 become phosphorylated in response
to IFN-I stimulation and translocate to the nucleus. SPOV NS5 localizes to the nucleus
and prevents ISRE-dependent gene expression but without strong binding to the
STATs. Therefore, SPOV must prevent transcriptional activation of ISGs, potentially by
binding IRF9, by preventing the DNA binding or transcriptional activity of ISGF3 or
through a less direct mechanism like prevention of histone modification. Thus, it is
interesting from a biological perspective that ZIKV NS5 function in STAT2 degradation
and IFN-I antagonism closely resembles that of the more distantly related DENV and not
of SPOV, with which ZIKV shares 65% and 77% amino acid identity in NS5, respectively
(63) (Fig. 2C).
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YELLOW FEVER VIRUS

Despite the availability of a highly protective live-attenuated vaccine for YFV,
approximately 200,000 cases of yellow fever occur annually, resulting in an estimated
30,000 deaths (21). Similar to DENV, YFV evolved in an enzootic transmission cycle
between nonhuman primates and mosquitoes, with human infection resulting from
spillover events. Today, the urban YFV transmission cycle occurs exclusively in humans
and mosquitoes, without the need for a zoonotic amplifying host (21). YFV suppresses
gene expression stimulated by type I IFN but not type II (67). Consistent with this
specificity by the virus, the target of the YFV NS5 protein is STAT2. However, antago-
nism of STAT2 by YFV involves some unique features not observed in the context of
other flaviviruses. The most striking difference is that binding of NS5 to STAT2 is
dependent on cellular stimulation with type I (or type III) IFN (67). The role of IFN-I
stimulation is 2-fold: to induce STAT1/STAT2 heterodimers that render STAT2 amenable
to NS5 binding and to promote K63-linked ubiquitination of a Lys residue in the NS5
N terminus (at position 6 of the mature protein), which then enables NS5 association
with STAT2. The binding of STAT2 does not result in STAT degradation like it does in
DENV or ZIKV but instead inhibits binding of ISGF3 to ISRE promoter elements to
prevent ISG transcription. The E3 ubiquitin ligase responsible for ubiquitinating NS5 on
Lys6 was identified as tripartite motif (TRIM) protein 23 (TRIM23) (67). The TRIM family
is a large group of proteins, many of which function in antiviral defense by promoting
innate immune signaling (68) or by directly interacting with viral proteins to disrupt
their function and restrict virus replication (35, 69, 70). However, depletion of TRIM23
by RNAi resulted in decreased ubiquitination of NS5, decreased binding of NS5 to
STAT2, and increased susceptibility of YFV to the antiviral effects of IFN-I (67). A
Lys-to-Arg mutation at position 6 of NS5 also increased the susceptibility of recombi-
nant YFV to IFN-I (67). Taken together, these findings revealed a completely new
mechanism of viral IFN-I antagonism, where the viral antagonist is activated by the very
response it has evolved to suppress. In addition, a member of the TRIM protein family
that generally functions in antiviral responses is coopted by YFV to evade the IFN-I
response.

VIRUSES IN THE TICK-BORNE ENCEPHALITIS VIRUS COMPLEX

The tick-borne encephalitis complex of viruses includes three subtypes of TBEV
(European, Siberian, and Far Eastern), Powassan virus, Kyasanur Forest disease virus,
Omsk hemorrhagic fever virus, Louping ill virus, and Langat virus (LGTV), among others
(71). An effective killed-virus vaccine against TBEV exists, yet approximately 12,000
cases of encephalitis, meningoencephalitis, or meningitis still occur in Europe, Russia,
and parts of Asia annually (21). The Far Eastern TBEV strains are the most virulent, with
case fatality rates estimated to be as high as 20%. In contrast, while LGTV shares high
amino acid identity with TBEV (�80%), it is considerably less neurovirulent, prompting
the application of LGTV as a live-attenuated anti-TBEV vaccine in the 1970s. However,
infection with LGTV resulted in meningoencephalitis in approximately 1/12,000 recip-
ients, and its use was discontinued (71).

Cells infected with LGTV are refractory to IFN-I stimulation due to a block in
activation of both JAK1 and Tyk2, resulting in failure of all downstream signaling,
including STAT1/2 phosphorylation, STAT nuclear localization, and ISRE-dependent
gene expression (46). This study was the first to identify NS5 as the dominant IFN-I
antagonist encoded by a flavivirus (46). Expression of progressive truncation mutants of
LGTV NS5 mapped the minimal linear sequence required for antagonism to residues
355 to 735 within the RdRp domain (72). A random mutagenesis approach identified
two short noncontiguous stretches of amino acids within this domain as important for
NS5 function, including residues 374 to 380 and 624 to 647 (Fig. 2A and D). Of these,
D380 and W647 were of particular importance. Despite the considerable separation of
these residues on the linear sequence, the two regions are proximal to each other when
modeled on the crystal structure of the flavivirus RdRp (73) (Fig. 2), suggesting that they
act cooperatively to antagonize IFN-I signaling (72).
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The suppression of JAK activation observed in LGTV-infected cells suggested that
antagonism was mediated apically in the JAK-STAT cascade, at the level of the JAKs or
receptor subunits. However, LGTV NS5 did not directly suppress JAK1 or Tyk2 activation
(74). Instead, cells infected with either LGTV or TBEV lose expression of IFNAR1 but not
IFNAR2 (27). IFNAR1 is a common target of many diverse viruses and can be down-
regulated through increased degradation induced by ER stress pathways or engage-
ment of PRRs (75). Both of these events occur during flavivirus replication (31, 76, 77).
However, neither lysosomal nor proteasomal inhibitors rescued IFNAR1 expression in
the context of tick-borne flavivirus infection, suggesting a potential novel pathway of
receptor antagonism (27). Expression of LGTV NS5 alone downregulated IFNAR1 ex-
pression, but not a W647A mutant of NS5, suggesting that loss of IFNAR1 was the major
function of NS5 in IFN-I antagonism. Importantly, recombinant TBEV containing a
D380A mutation in NS5 exhibited increased sensitivity to IFN-I added after replication
was established. This sensitivity was not observed for wild-type TBEV and was a
consequence of the inability of the D380A mutant to downregulate IFNAR1, inhibit
STAT1 phosphorylation, and suppress ISRE-dependent gene expression. TBEV D380A
was also highly attenuated in mice associated with minimal viremia and delayed
kinetics of virus reaching the CNS (27). Therefore, this work demonstrated for the first
time that the function of flavivirus NS5 as an IFN-I antagonist is an important virulence
factor in vivo.

To determine the mechanism of IFNAR1 downregulation, proteomics approaches
that identified an interaction between LGTV NS5 and the host protein prolidase (PEPD)
were used (27). PEPD is a peptidase that cleaves dipeptides containing Pro to recycle
Pro from dietary and endogenous proteins (78) but was not known to have a role
in immunity. The interaction between NS5 and PEPD was dependent on residues
previously identified as critical for NS5 function as an IFN-I antagonist, raising the
possibility that PEPD may function in IFNAR1 expression (27). In support of a role for
PEPD in TBEV resistance to IFN-I, TBEV D380A lost sensitivity to IFN-I when either
IFNAR1 or PEPD was depleted from cells. Indeed, in the absence of PEPD, IFNAR1
failed to accumulate. However, the half-life of IFNAR1 did not differ in the presence
or absence of PEPD, suggesting that PEPD did not affect IFNAR1 stability and
consistent with the observation that depletion of IFNAR1 was not through cellular
degradation pathways. Instead, PEPD was required for the maturation of IFNAR1
from a partially glycosylated form with high-mannose N-linked carbohydrate to the
fully glycosylated complex N-linked oligosaccharide (27). This work also led to the
demonstration that IFNAR1 expression and response to IFN-I are low in primary
fibroblasts from human patients with prolidase deficiency (PD), identifying PD as a
primary immune deficiency in humans (27). Taken together, this work suggests that
NS5 from tick-borne flaviviruses has yet another novel way to antagonize type I IFN,
by disrupting glycosylation and surface expression of IFNAR1 to prevent down-
stream signaling and ISG expression.

WEST NILE VIRUS AND JAPANESE ENCEPHALITIS VIRUS

WNV and JEV belong to the same evolutionary clade and share both mosquito
vectors (Culex spp.) and vertebrate zoonotic amplifying hosts (birds), and both can
cause severe encephalitis or meningitis in humans (21). Furthermore, resistance to
the antiviral effects of IFN-I is a determinant of virulence for both WNV and JEV (79,
80). IFN-I signal transduction is blocked in cells infected with either WNV or JEV due
to a failure of JAK1 and Tyk2 phosphorylation (50, 81). However, only WNV infection
induces a loss of IFNAR1 (27, 81, 82) associated with the function of NS5 (27),
making WNV NS5 similar in function to that from LGTV and TBEV (27). Mapping of
the residues in NS5 derived from the 1999 New York strain of WNV (NY99)
demonstrated that WNV and LGTV share a number of the same amino acids for IFN-I
antagonism (83) and that WNV NS5 also binds PEPD (27). In contrast, NS5 from the
attenuated WNV strain Kunjin (KUN) was shown to be a relatively poor inhibitor of
IFN-I signaling. Recombinant WNVKUN containing a single substitution in NS5
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corresponding to the WNVNY99 NS5 residue (S/F653) (Fig. 2A) is more resistant than
wild-type WNVKUN to IFN-I (83) associated with an earlier ability to downregulate
IFNAR1 and increased NS5/PEPD colocalization by immunofluorescence (27). Thus,
there appears to be a surprising conservation of IFN-I antagonism strategies
between the tick-borne flaviviruses and WNV. However, it is possible that the NS5
protein from both WNV and TBEV possesses additional functionality that is not
present in LGTV. This is because a truncation mutant of LGTV NS5 containing
residues 355 to 735 fully antagonizes signaling equivalent to the full-length protein.
However, for WNV or TBEV, NS5 can be truncated at the C terminus to residue 735
but NS5 with a truncation at the N terminus does not retain activity (72). In support
of this, binding of the TBEV NS5 MTase domain (residues Y222A and S223A) to the
host protein Scribble aids in plasma membrane localization of NS5 and IFN-I
antagonism (84). While the full role of the NS5 N terminus is currently unknown for
WNV and TBEV, it is not required for IFN-I-dependent modification as has been
observed for YFV nor for N-end rule processing as occurs in the context of DENV
NS5. However, it is possible that this theoretical added functionality in NS5 of TBEV
or WNV contributes to the greater virulence of these viruses than of LGTV in
humans.

Infection with JEV does not appear to affect IFNAR1 or IFNAR2 expression, despite
a block in Tyk2 activation (81). The role for NS5 in this requires the NS5 N-terminal 83
residues but not the C-terminal 143 amino acids (85). The proposed role for JEV NS5 is
to activate protein tyrosine phosphatases (PTPs) that have normal roles as negative
feedback regulators of JAK activation (85). Additional studies suggest that JEV NS5
expression downregulates calreticulin to inhibit nuclear translocation of STAT1 (86).
However, how these activities of NS5 result in inhibition of Tyk2 phosphorylation and
suppression of STAT nuclear localization and how they might be coordinated are not
known.

FLAVIVIRUS SUPPRESSION OF JAK-STAT IN THE ARTHROPOD VECTOR

JAK-STAT signaling in insects regulates developmental events and cellular immune
responses (87, 88). Mosquito STAT proteins most closely resemble human STAT5 and
STAT6 (27 to 30% identity) (89). JEV replication in C6/36 mosquito (Aedes albopictus)
cells suppressed tyrosine phosphorylation of AeSTAT in response to infection (89).
Furthermore, WNV infection or expression of either WNV NS5 or NS1 in Hsu cells (Culex
quinquefasciatus) resulted in proteasomal degradation of CxSTAT that is dependent on
the Culex E3 ubiquitin ligase cullin 4 (CxCul4) (90) (Fig. 1B). However, it is unknown if
the mechanisms of JAK-STAT inhibition observed in mosquito cells are conserved in
mammalian cells or if they represent functionally different strategies of antagonism.
This is in part because WNV NS5 binding to STAT proteins (63) or STAT degradation in
WNV-infected cells (50, 83, 91) has not been observed in the context of mammalian
cells.

Ticks have both JAK and STAT molecules that participate in antipathogen
responses (92). Nothing is known regarding interactions between tick-borne flavi-
viruses and the tick vector with respect to NS5 or STAT signaling. However, the tick
JAK-STAT pathway can respond to mammalian IFN-� imbibed with a blood meal
when a pathogen is acquired from an infected mammal. This results in upregulation
of antimicrobial peptides that reduce the pathogen burden in the tick (shown in the
context of Borrelia burgdorferi infection of mice) (93). Vertebrate cytokines can also
stimulate the mosquito midgut (94). Thus, it is possible that flavivirus antagonism
of JAK-STAT signaling has a role in establishing replication in the arthropod by
evading the antiviral effects of IFNs in the blood meal. This may be particularly
important for infection of tick species that feed over a number of days. Further work
to understand the relationship between IFN antagonism in vertebrate and inverte-
brate hosts will provide insight into the molecular mechanisms that enable virus
maintenance in vectors and whether virus virulence determinants in vertebrate
hosts are shaped by evolution in arthropods.
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ROLES FOR ADDITIONAL VIRAL PROTEINS IN SUPPRESSION OF JAK-STAT
SIGNALING FOLLOWING IFN-I STIMULATION

Although NS5 is clearly the most specific and potent antagonist of IFN-I-dependent
JAK-STAT signaling encoded by flaviviruses, additional nonstructural proteins also
contribute to suppression of this pathway (91, 95, 96). Indeed, the known functions of
NS5 do not always recapitulate the phenotype of suppression observed in virus-
infected cells. For example, DENV infection of human DCs prevents Tyk2 phosphory-
lation (48), which is an event upstream of STAT2 degradation. Some of these additional
blocks in signaling may be explained by the induction of more-generalized stress
responses that disrupt signaling, such as ER stress, membrane rearrangement, and
cholesterol redistribution from the plasma membrane (75-77, 97). The unfolded protein
response associated with ER stress and membrane rearrangement is mediated by the
small hydrophobic proteins NS4A and NS4B (76, 98), which may explain the ability of
these viral proteins to modulate JAK-STAT signaling. Lipid rafts promote cellular
signaling events at the plasma membrane, including those by IFNs (97, 99). NS2B and
NS3 associate with lipid rafts in the context of DENV replication (100), and WNV
recruitment of plasma membrane cholesterol to sites of virus replication in the ER is
thought to disrupt IFN-I-dependent JAK-STAT signaling (97). Finally, the engagement of
Tyro3/Axl/Mer (TAM) receptors by phosphatidylserine in the lipid membrane of flavi-
viruses during virus entry triggers the upregulation of suppressor of cytokine signaling
(SOCS) proteins (101). SOCS proteins function as negative regulators of JAK activation
by targeting their tyrosine kinase activity directly (102). This mechanism of immune
suppression is initiated at the time of virus binding to the cell, suggesting that it could
contribute to the loss of JAK activity at earlier times in infection before NS5 is present
at sufficient amounts to protect the infected cell or in instances where NS5 targets the
signaling cascade downstream of JAK activation.

PERSPECTIVES AND OPEN QUESTIONS

The importance of NS5 function in IFN-I antagonism and flavivirus resistance to IFN-I
has been demonstrated in the context of replicating virus both in vitro and in vivo (27,
67, 83). The varied strategies utilized by each flavivirus suggests that there is a
remarkable plasticity in NS5 for interaction with host proteins, given that it must retain
two critical enzymatic activities (MTase and RdRp) for virus replication. These varied
strategies also suggest that there is considerable selection pressure driving the evolu-
tion of flaviviruses at this critical virus-host interface. However, it is unclear if the
different strategies embedded within NS5 to suppress JAK-STAT signaling influences
the different pathogenesis of these viruses. This is theoretically possible, given that a
critical determinant within the TBEV complex of viruses that dictates the ability of these
viruses to cause hemorrhagic fever versus encephalitis was mapped to NS5 (although
not in the IFN-I antagonist domain) (103). Regardless of whether the role of NS5
influences disease phenotype, it is most certainly a determinant of the potential of
flaviviruses to emerge in humans.

No information exists as to how NS5 is regulated to perform functions in RNA
replication and IFN-I antagonism. As NS5 can form dimers with unique conformations
(104), it is possible that multiple populations of NS5 exist in an infected cell. Posttrans-
lational modifications, such as phosphorylation (105) or ubiquitination (106), may
regulate NS5 self-association, cellular distribution, or function. Furthermore, the orien-
tation of NS5 RdRp and MTase domains from different flaviviruses results in unique
conformations that impact replication (107–109) and that may also regulate NS5
function in IFN-I antagonism in a virus species-specific manner. This might be partic-
ularly important when the regions of NS5 required for antagonism include both MTase
and RdRp domains, as is the case for at least DENV, WNV, and TBEV. Thus, future work
is required to determine whether the NS5 function as an IFN-I antagonist is physically
separated in the cell from its role in RNA replication and how domain conformation and
potential posttranslational modifications might regulate these roles. This information
may aid in the development of therapeutics targeting NS5.
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The importance of NS5 in IFN-I antagonism provides at least two opportunities for
translational research. The first is the incorporation of loss-of-function mutations in NS5
as an attenuating mechanism to increase the safety of live-attenuated anti-flavivirus
vaccines. The second is the engineering of improved immunocompetent mouse mod-
els in the case of flaviviruses that have restricted host-species tropism. This could be
achieved by “humanizing” the viral targets of antagonism in the IFN-I response (20).
Using the examples of DENV and ZIKV, it is unlikely that STAT2 alone, or even IFN
antagonism in general, is the only species barrier that must be overcome in mice in
order to observe all the features of human disease caused by these viruses. Indeed,
DENV also antagonizes other pathways of IFN-I production in a species-specific manner
(110). However, mice that are transgenic for human homologs of key molecules that are
antagonized by multiple viruses, whether they be in pathways of viral nucleic acid
sensing or response to IFN-I, would aid in the development of animal models for newly
emerging viruses and in the testing of virus countermeasures.
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